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SUMMARY 

An inves t iga t ion  has been conducted i n  t h e  Langley 4- by 4-foot 
supersonic pressure tunnel t o  determine t h e  e f f e c t s  of j e t  in te r fe rence  
on t h e  l i f t - d r a g  r a t i o  of a wing having 45' sweepback of t h e  quarter-  
chord l i n e ,  an aspect r a t i o  of 3.5, a taper r a t i o  of 0.3, and NACA 65AOO5 
a i r f o i l  s ec t ions  p a r a l l e l  t o  t h e  airstream. The je t  was loca ted  along 
t h e  67-percent-chord s t a t i o n  of t he  lower sur face  of t h e  wing. 
were made a t  angles of a t t a c k  from -2O t o  7' f o r  various j e t -de f l ec t ion  
-?I?,u;~Ps and momentum coe f f i c i en t s .  The Mach number f o r  t h e  inves t iga t ion  
was 2.01. 

Tests 

The r e s u l t s  i nd ica t e  some bqrovement i n  l i f t - d r a g  r a t i o s  a t  and 
near t h e  maximum l i f t - d r a g  r a t i o ,  with decreasing e f f ec t iveness  as t h e  
j e t  i s  inc l ined  rearward. The improvement i n  maximum l i f t - d r a g  r a t i o  
does not appear t o  be l a rge  enough t o  be of p r a c t i c a l  use oii ail a c t u a l  
a i rp l ane  because of t h e  problems a r i s ing  from t r y i n g  t o  use engine 
exhaust cr engine bypass a i r  as a source of a i r  f o r  t h e  j e t .  

INTRODUCTION 

One of t h e  problems confronting designers of supersonic a i rp l anes  
i s  t h a t  of improving l i f t - d r a g  r a t i o .  
i n  the  use of a je t  spanning the  lower sur face  of a wing as a method of 
improving l i f t - d r a g  r a t i o  by generating favorable in t e r f e rence  e f f e c t s .  

Recently, i n t e r e s t  has been shown 

Analysis of 
i nves t iga t ion  of 
ind ica ted  t h a t  a 
drag r a t i o .  

The purpose 
ga t ion  conducted 
t o  determine t h e  

d a t a  obtained a t  negative angles of a t t a c k  during an 
t h e  aerodynamic cha rac t e r i s t i c s  of a j e t  s p o i l e r  ( r e f .  1) 
lower surface je t  might provide some improvement i n  l i f t -  

of t h i s  repor t  i s  t o  present t h e  r e s u l t s  of an inves t i -  
i n  t h e  Langley 4- by 4-foot supersonic pressure  tunnel  
e f f e c t s  of je t -def lec t ion  angle and momentum c o e f f i c i e n t  
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on the lift-drag ratio of a wing having a jet located along the lower 
surface. A semispan-wing model with 45' sweepback of the quarter-chord 
line tested in the presence of a half-fuselage at angles of attack from 
- 2 O  t o  7 O  was used for this investigation. The investigation was con- 
ducted at a Mach number of 2.01 for Reynolds numbers of 1.5 x 106 and 
2.8 x 10 6 based on the wing mean aerodynamic chord of 10.65 inches. 
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SYMBOLS 

wing span, in. 

span of jet, in. 

L 
6 
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9 

semispan-wing drag coefficient, Drag/qS 

semispan-wing lift coefficient, Lift/qS 

semispan-wing rolling-moment coefficient, Rolling moment/2qSb 

semispan-wing pitching-moment coefficient referred to O.25E, . 
Pitching moment/qSE 

momentum coefficient (based on semispan-wing area), wVj/gqS 

wing local chord, in. 

wing mean aerodynamic chord, in. 

acceleration due to gravity, ft/sec2 

lift-drag ratio 

stream dynamic pressure, lb/sq ft 

Reynolds number , based on mean aerodynamic chord 
semispan-wing area, sq ft 

jet velocity associated with isentropic expansion to the 
critical pressure ratio at the jet exit, ft/sec 

weight-flow rate 0; air used in jet, lb/sec 

perpendicular distance from plane of symmetry to inboard 
end of jet, in. 
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perpendicular d i s tance  from plane of symmetry t o  outboard 
end of je t ,  i n .  

wing angle of a t t ack ,  deg 

n p r e f i x  ind ica t ing  increment due t o  j e t  

Subscripts : 

e 

streamwise angle between center l i n e  of j e t  s l o t s  and w i n g  
sur face  ( s e e  f i g .  1), deg 

e f f e c t i v e ,  r e f e r s  t o  wing c o e f f i c i e n t s  wi th  je t  reac t ion  
subt rac ted  

max maximum 

APPARATUS 

Wind Tunnel 

Tes ts  were conducted i n  t h e  Langley 4- by 4-foot supersonic pressure  
tunnel  which i s  a rectangular,  closed-throat, single-return-type wind 
tunnel .  
s ec t ion  Mach number of 2.01. 
t h e  tes ts  so t h a t  condensation e f f e c t s  were neg l ig ib l e .  

The f l e x i b l e  nozzle walls were ad jus ted  t o  give t h e  des i red  test- 
The devpoir?t vns kept below -20° F during 

Model 

The model used i n  t h i s  inves t iga t ion  cons is ted  of a semispan wing 
and a half-fuselage as shown i n  f igure  1. 
and had 4 5 O  sweepback of t h e  quarter-chord l i n e ,  an aspect r a t i o  of 3.5, 
a t a p e r  r a t i o  of 0.3, and NACA 65A005 a i r f o i l  s ec t ions  p a r a l l e l  t o  t h e  
a i r s t ream.  A plenum chamber was constructed by mi l l i ng  out a por t ion  of 
t h e  lower surface of t h e  wing from the wing roo t  t o  about t h e  @-percent- 
semispan s t a t i o n .  
each having s l o t s  loca ted  along the 67-percent-chord s t a t i o n  of t h e  wing. 
The s l o t s  were cu t  a t  angles of llOo, 130°, and 150° t o  t h e  sur face  
measured i n  t h e  streamwise d i r ec t ion  ( f i g .  1). The cover p l a t e s  f o r  t h e  
angles of llOo (configuration 1) and 130° (configuration 2) had 10 s l o t s  
1 inch by 0.050 inch a t  l/4-inch spacings. There were nine slots 1 inch 
by 0.054 inch a t  3/8-inch spacings i n  t h e  cover p l a t e  f o r  t he  je t -  
de f l ec t ion  angle of 1500 (configuration 3) .  
bas i c  configurations (configurations 1 t o  3) t h e r e  were two modifications 
(conf igura t ions  4 and 5 )  t o  configuration 2. 

The wing w a s  made of steel  

Interchangeable cover p l a t e s  were then constructed, 

I n  addi t ion  t o  the  three 

These modifications were 
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made by reducing the  number of s l o t s  from 10 t u  7, f i r s t  by sea l ing  the  
t h r e e  most inboard s l o t s  (configurat ion 4) , and then by sea l ing  the  three 
most outboard s l o t s  (configurat ion 5 ) .  Geometrical d e t a i l s  of t h e  con- 
f igura t ions  inves t iga ted  are given i n  t a b l e  I. 

The fuselage was constructed of aluminum a l l o y  and had an ogiva l  
nose with a f ineness  r a t i o  of 2.5, a cy l ind r i ca l  center  port ion,  and a 
boa t t a i l ed  afterbody with a base diameter t h a t  w a s  50 percent of t he  body 
maximum diameter ( f i g .  1). 

The wing was mounted on a four-component strain-gage balance which 
w a s  located i n  t h e  tu rn tab le  of a boundary-layer bypass p l a t e  i n s t a l l e d  
v e r t i c a l l y  about 10 inches from the  tunnel  s idewall .  The half-fuselage 
w a s  mounted on the  tu rn tab le  Yndependently of t h e  wing with 0.030-inch 
clearance between t h e  wing and fuselage.  Angle of a t t ack  was changed 
manually by r o t a t i n g  t h e  tu rn tab le  on which t h e  model was mounted and 
w a s  measured by a vern ier  s ca l e  outs ide  the  tunnel .  

High-pressure a i r  from a dry-air  supply outs ide  t h e  tunnel  w a s  
delivered t o  the  plenum chamber i n  t h e  wing by a 1-inch-diameter feeder  
tube about 24 inches long. This tube,  which w a s  shielded from the  a i r -  
stream between the  bypass p l a t e  and t h e  tunnel  w a l l  by a f a i r i n g ,  was 
f loa t ed  on "0" r ings  a t  e i t h e r  end so t h a t  t he  forces  t ransmit ted around 
the  balance would be negl ig ib le .  A valve i n  t h e  high-pressure a i r  l i n e  
ahead of t he  feeder  tube w a s  used t o  cont ro l  t h e  a i r  supply t o  t h e  plenum 
chamber from zero t o  a maximum of 40 lb/sq in .  abs.  

L 
6 
4 
9 

TESTS AND TEST PROCEDURES 

Wing l i f t ,  drag, pitching-moment, and rolling-moment coe f f i c i en t s  
were measured a t  var ious momentum coe f f i c i en t s  f o r  each configurat ion 
through an angle-of-attack rang< from -2' t o  7'. 

The j e t - e x i t  a rea  w a s  designed t o  be s m a l l  enough t o  maintain choked 
flow through t h e  s l o t s  a t  a l l  conditions and thus  s implify the  determina- 
t i o n  of the je t - reac t ion  coe f f i c i en t s .  The v a r i a t i o n  of t h e  j e t - r eac t ion  
coe f f i c i en t s  with momentum coe f f i c i en t  f o r  each configurat ion w a s  obtained 
from tunnel-off ca l ib ra t ions .  

11 
on 

Each configuration w a s  t e s t e d  a t  a tunnel  s tagnat ion pressure of 
.5 lb/sq i n .  abs, corresponding t o  a Reynolds number of 2.8 X 10 6 based 

Configuration 2 (6j = 130') was a l s o  the  wing mean aerodynamic chord. 
t e s t e d  at a tunnel  s tagnat ion pressure of 6 lb / sq  in .  abs corresponding 
t o  a Reynolds number of 1.5 x 10 6 based on t h e  wing mean aerodynamic chord. 
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The mean Mach number i n  t h e  region occupied by t h e  model was e s t i -  
mated from ca l ib ra t ions  t o  be 2.01 with l o c a l  v a r i a t i o n s  smaller than 
k0.02. There w a s  no evidence of s ign i f i can t  flow angular i ty .  

The angle of a t t a c k  of t he  wing root could be s e t  wi th in  +0.05°. 
The estimated accuracies of t h e  coef f ic ien ts  a r e  as follows: 

C L . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +0.003 
c D . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *0.0003 
c m .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  m o o 0 5  
c 2 . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~0.0006 
c , .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +0.0007 

Although t h e  accuracy of t h e  incremental fo rces  is  not known, it i s  
believed t o  be s u f f i c i e n t  t o  ind ica te  t h e  t rends  of t h e  da ta .  
t es t s  of some of t h e  configurations resu l ted  i n  nea r ly  i d e n t i c a l  r e s u l t s .  
Fiirthermore, t e s t s  of very similar j e t s  on t h e  same model wi th  a d i f f e r e n t  
balance ind ica ted  exce l len t  agreement. 

Repeat 

RESULTS AND DISCUSSION 

Basic Wing Charac te r i s t ics  

The v a r i a t i o n  of wing l i f t ,  &rag, pitChhg-mGXCEt, arid yelling- 
moment coe f f i c i en t s  with angle of a t t ack  with t h e  j e t  inopera t ive  i s  
presented i n  f i g u r e  2.  Since the  differences i n  t h e  c o e f f i c i e n t s  for 
t h e  various configurations t e s t e d  were s m a l l ,  d a t a  are shown f o r  only 
th ree  configurations . 

The bas i c  p l o t s  of wing l i f t ,  drag, pitching-moment, and r o l l i n g -  

The c o e f f i c i e n t s  are p l o t t e d  aga ins t  
moment coe f f i c i en t s  obtained with the j e t  operating are presented, 
respec t ive ly ,  i n  f i gu res  3 t o  6. 
momentum coe f f i c i en t  f o r  constant angle-of-attack conditions.  In  general ,  
t h e  e f f e c t  of increasing t h e  momentum coe f f i c i en t  was t o  increase  t h e  
l i f t  and t o  decrease t h e  drag, pitching moment, and r o l l i n g  moment. These 
changes with momentum coe f f i c i en t  were approximately l i n e a r .  The angle 
of a t t a c k  had l i t t l e  e f f e c t  on t h e  slope of t h e  curves except f o r  drag. 
For drag coef f ic ien t ,  t h e  slope of the curves wi th  respec t  t o  momentum 
c o e f f i c i e n t  decreased with increasing angle of a t t a c k .  

Figure 7 ind ica t e s  f o r  two of the configurations t e s t e d  t h a t  
increas ing  momentum coe f f i c i en t  decreased C L  f o r  Cm = 0 s l i g h t l y  
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but  had no e f f e c t  on the  slope of t h e  curve of p i tch ing  moment with 
respect t u  l i f t  coe f f i c i en t .  
configurations, although the re  were s m a l l  changes i n  t h e  magnitude of 
C L  for C, = 0. The d a t a  i n  f igu re  7 a r e  f o r  t h e  je t - inopera t ive  con- 
d i t i o n  and f o r  t h e  h ighes t  momentum coe f f i c i en t  obtained a t  a Reynolds 
number of 2 .8  x 10 6 based on t h e  mean aerodynamic chord. 
intermediate values of C,, f e l l  between the  curves shown. Configura- 
t i o n  2 was a l s o  t e s t e d  a t  a Reynolds number of 1.5 x lo6 based on t h e  
mean aerodynamic chord. For t h i s  tes t  condition t h e  maximum value of 
C,, was increased from 0.0196 t o  0.0376 and t h e  value of CL f o r  Cm = 0 

changed from approximately -0.025 t o  -0.038 which was about a 50-percent 
change i n  l i f t  coe f f i c i en t  f o r  a twofold change i n  momentum coe f f i c i en t .  

Similar e f f e c t s  occurred f o r  a l l  t h e  o ther  

Curves f o r  

Jet Ef fec t s  on Lift-Drag Ratio 

The ef fec t iveness  of t h e  j e t  i n  producing changes i n  l i f t - d r a g  r a t i o  
by causing changes i n  t h e  flow c i r c u l a t i o n  about t h e  wing can not be 
found d i r e c t l y  from t h e  wing l i f t  and drag c o e f f i c i e n t s  as presented i n  
f igu res  3 and 4, respec t ive ly .  In  order t o  determine t h e  e f f ec t iveness  
of t h e  j e t ,  e f f e c t i v e  l i f t - d r a g  r a t i o s ,  (L/D),, f o r  t h e  various configu- 
r a t ions  were obtained by subt rac t ing  t h e  j e t - r eac t ion  c o e f f i c i e n t s  from 
t h e  measured wing l i f t  and drag coe f f i c i en t s  given i n  f igu res  3 and 4. 
Typical curves of (L/D)e as a function of C L  for constant momentum 
coef f ic ien t  are shown i n  f igu re  8 f o r  configurations 1 and 2. These 
da t a  and those f o r  configurations 3 t o  5 showed increases  i n  maximum 
e f fec t ive  l i f t - d r a g  r a t i o  wi th  increase  i n  momentum c o e f f i c i e n t .  
values of measured l i f t  coe f f i c i en t  below CL f o r  (L/D),,,,,, use of 

t h e  j e t  generally decreased t h e  e f f e c t i v e  l i f t - d r a g  r a t i o .  

For 

The increment i n  (L/D),,,,, due t o  t h e  j e t  f o r  each configuration 
The l a r g e s t  i s  shown i n  f igu re  9 as a func t ion  of momentum c o e f f i c i e n t .  

increase i n  ( L/D) e ,max occurred f o r  configuration 1 a t  a value of C,, 

of approximately 0.020 and was about 10 percent of t h e  je t - inopera t ive  
value of (L/D)max. These da t a  ( f i g .  9) ind ica t e  t h a t  t h e  most e f f e c t i v e  
j e t  inclinat.ions a r e  those  nearer t h e  v e r t i c a l  wi th  decreasing e f f e c t i v e -  
ness as the  j e t  i s  inc l ined  rearward (63 +180°). * 

Reducing t h e  span of t h e  je t  decreased t h e  e f f ec t iveness  of t h e  j e t  
i n  increasing ( L/D) e ,max (configurations 4 and 5 i n  f i g .  9 ) .  Configu- 
r a t i o n s  4 and 5 had t h e  same span but t h e  j e t  of configuration 5 was 
loca ted  f a r t h e r  inboard. Of t h e  two, configuration 5 w a s  more e f f e c t i v e .  

L 
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4 
9 

. 
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I n  order t o  examine the  f a c t o r s  a f fec t ing  the  observed increases  i n  
and 

(near (L/D)max) are p l o t t e d  i n  f i g -  

(L/D)e,max a r e  due t o  increases  i n  CL,e.  
g r ea t e r  than 0.020 ind ica t e  

maximum e f fec t ive  l i f t - d r a g  r a t i o ,  the  incremental changes i n  
due t o  the  j e t  a t  C 

ure  10 for configurat ions 1, 2, and 3. For momentum coe f f i c i en t s  l e s s  
than 0.020, the  increases  i n  
However, the  l imi ted  da ta  f o r  values of 
t h a t  increases  i n  C D , ~  contr ibute  t o  t he  reduct ion i n  A( L/D) e,max 
observed a t  these  higher momentum coef f ic ien ts .  (See f i g .  9.)  

CL e 
a = 4' 

D,e 

Cp 

P r a c t i c a l  Applications 

The foregoing ana lys i s  ind ica tes  t h a t  some improvement i n  (L/D) e,max 
can be obtained by the  use of a j e t .  Since t h e  l a r g e s t  improvement ind i -  
cated by the  present  inves t iga t ion  i s  about 10 percent of t he  maximum 
l i f t - d r a g  r a t i o  f o r  t h e  je t - inoperat ive condition, t h e  p r a c t i c a l  aspects  
of t he  use of a je t  with a complete a i rplane should be considered. 

One source of supply f o r  t h e  j e t  i s  a jet-engine exhaust. I n  a prac- 
t i c a l  engine i n s t a l l a t i o n  an i n l e t  area ot' 1 percent of t h e  w i r l g  area woiild 
-L. ue reasonable fcr E = 2. 
uould correspond t o  a momentum coef f ic ien t  of 0.023 i n  t h e  present  i nves t i -  
gat ion.  The v a r i a t i o n  of wing drag coef f ic ien t  with l i f t  coe f f i c i en t  f o r  
t h e  je t - inoperat ive condition and f o r  j e t  de f l ec t ions  of l l O o  and 1%' a t  
CP = 0.020 and R = 2.8 x 10" a r e  shown i n  f igu re  11. A j e t  with a 
de f l ec t ion  angle of 150° produced the  l a r g e s t  t h r u s t  of a l l  t he  configura- 
t ions t c s t e d .  ;.Icwever, a t  this deflect ion angle the re  was still i n s u f f i -  
c i e n t  t h r u s t  t o  overcome t h e  drag of the wing alone a t  the  value of CL 
for (L/D)e,max (CL = 0.17). (See f ig .  11.) The addi t ion  of the  body, 
engine nace l le ,  and t a i l  drag and the requirements f o r  maneuvering t h r u s t  
would make t h i s  def ic iency la rger .  Furthermore, as previously discussed, 
t he  more rearwardly inc l ined  j e t s  a re  the  least e f f e c t i v e  i n  increasing 
(L/D)e,max. 
i n l e t  a rea  should be of the  order of 1; and not approximately 1/3 as found 

i n  the  present  inves t iga t ion .  Thus, the use of t h e  engine exhaust t o  
supply the  j e t  does mt  appear feas ib le .  

The mass flow at  f u l l  t h r u s t  f o r  t h i s  assumption 

/ 

For an a c t u a l  engine i n s t a l l a t i o n  the  r a t i o  of e x i t  area t o  

Another source of supply fo r  the j e t  would be engine bypass a i r .  
I n  t h i s  approach not only would the  mass flow of a i r  ava i lab le  f o r  t he  
j e t  be small but  a l so  the  momentum of t he  a i r  would decrease because of 
i n l e t  and ducting losses .  Therefore, it appears t h a t  gains  from t h i s  
approach would not be l a rge  enough t o  warrant t h e  increased complexity 
of t h e  a i rp lane .  
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CONCLUSIONS 

An inves t iga t ion  has been made a t  a Mach number of 2.01 t o  determine a 

t h e  e f f ec t s  of  a j e t  on t h e  lower sur face  of a 45' sweptback wing on t h e  
l i f t - d r a g  r a t i o .  The conclusions are indica ted  as follows: 

1. The je t  produces gains i n  l i f t - d r a g  r a t i o  a t  and near t h e  m a x i m u m  
l i f t - d r a g  r a t i o  but  a c t u a l l y  decreases t h e  l i f t - d r a g  r a t i o  a t  t h e  lower 
operating l i f t  coe f f i c i en t s .  

2. The most e f f e c t i v e  j e t  i nc l ina t ions  appear t o  be those nearer 
t h e  v e r t i c a l  w i th  decreasing e f fec t iveness  as t h e  j e t  i s  inc l ined  
rearward. 

3. The improvement i n  maximum l i f t - d r a g  r a t i o  does not appear t o  be 
l a rge  enough t o  be of p r a c t i c a l  use on an a c t u a l  a i rp lane  because of t h e  
problems a r i s i n g  from t r y i n g  t o  provide a source of a i r  f o r  t h e  j e t .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley F ie ld ,  V a . ,  August 31, 1959. 
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